Abstract The Danube Clouded Yellow (Colias myrmidone) is one of the most endangered butterflies in Europe. Its distribution range shrank dramatically in the last few decades due to the extinction of populations in Western and Central Europe. Ecological studies were commenced when populations were already at the verge of extinction, thus our knowledge on the population ecology and habitat use of this butterfly is very limited. Here we report the results of a study on habitat preferences, egg distribution and demography of C. myrmidone in Romania, perhaps the last remaining stronghold of the species in Central Europe. We found that Danube Clouded Yellow adults occurred mainly in mesophilous grasslands created by forest clearing and then maintained by low intensity grazing allowing bushes and forest-edge vegetation to develop and host Chamaecytisus species to grow. Butterflies highly preferred lightly grazed pastures over hay meadows and abandoned grasslands, their density was positively related to host plant density. Egg-laying females preferred habitat patches with relatively high cover of the host plant and tall vegetation. Both apparent survival rate and encounter probability were lower for females than males, and parameter estimations also had much higher errors for females. These indicate that much higher sampling effort is needed to estimate and monitor population parameters for females than for males. Our results provide guidelines for the habitat management and population monitoring of Colias myrmidone, thus may significantly contribute to its successful conservation.
Introduction
The Danube Clouded Yellow (Colias myrmidone) is one of the most threatened butterfly species in Europe. It was Electronic supplementary material The online version of this article (doi:10.1007/s10841-014-9651-7) contains supplementary material, which is available to authorized users.
formerly distributed from Germany through Central Europe and Ukraine to the north-west of Kazakhstan, but several populations became extinct from Western and Central Europe by the beginning of the twenty-first century (Van Swaay et al. 2010; Marhoul and Dolek 2012) . Its last populations are small and sparsely scattered in Slovakia, Poland and Romania, whereas their status is unknown in Ukraine, Russia and Kazakhstan. The causes behind its European-wide collapse are poorly known since researchers became interested in the Danube Clouded Yellow only after it had been already at the verge of extinction Freese et al. 2005) . Most experts however, attribute its decline to climate change, and to the loss and deterioration of its habitat due to homogenisation and intensification of agricultural management Freese et al. 2005; Konvička et al. 2008; Settele et al. 2008 Settele et al. , 2009 .
To halt the decline of the Danube Clouded Yellow, one needs to understand its habitat requirements and then apply habitat management suitable for the species. In general, the species inhabits mosaic forest-steppe like landscapes with grasslands, scrublands, scattered trees and very open woodlands (Settele et al. 2009 ). Lightly grazed and/or patchily mown herb-rich grasslands with scattered trees or bushes are used as breeding sites, where its larval host plants (Chamaecytisus spp.) are abundant. Western European studies found that calcareous or dolomitic grasslands on south exposed hillsides, heath-steppes and heath forests, secondary xeric or oligotrophic grasslands and clearings in pine forests are suitable habitats for C. myrmidone (Kudrna and Mayer 1990) . Egg-laying females prefer sun-exposed sprouts in dense patches of the host plant. Eggs are laid on the tip of fresh shoots that are neither flowering nor yielding . This latter result indicates that some kind of management (grazing or mowing) of the habitat is necessary to provide fresh shoots throughout the reproductive period. However, too intensive or uniform mowing may destroy eggs and larvae or remove potential shoots for oviposition and eventually may lead to the collapse of entire populations (Konvička et al. 2008) . Although these results provide useful information for the preservation of the Danube Clouded Yellow, there are still many gaps in our knowledge. For example, there have been no detailed studies on its habitat selection, especially in the eastern part of the species' range. There is still no guide how to assess habitat quality for this species, and the spatial structure and dynamics of its populations are also largely unknown, although these are inevitable for the successful conservation of threatened butterflies (Thomas et al. 2001; Ö rvössy et al. 2013) .
The objective of our study was to obtain further data on the habitat requirements of the Danube Clouded Yellow. The study was carried out in Romania, one of the last remaining European strongholds of the species, where still some vivid populations thrive. At regional scale, we were interested in factors determining the distribution of the species, therefore investigated nine potential habitats and related their characteristics to the presence and absence of the species. At the landscape level, we were interested in the suitability of different habitat types within a landscape mosaic, hence we related the density of butterflies to several habitat characteristics. At the habitat level, we were interested in factors influencing females' egg-laying decisions and so we related the frequency of eggs to microhabitat characteristics. Besides, we also aimed to collect information on population sizes and dispersal, therefore conducted mark-recapture studies in some populations.
Methods

Study species
Danube Clouded Yellow is bivoltine (May-June and JulySeptember) in Europe with a partial third generation in hot summers (Kudrna and Mayer 1990; Settele et al. 2009 ). Its larval host plants are various species of the genus Chamaecytisus Konvička et al. 2008) . Females lay eggs on young sprouts of host plants on the upper side of leaves. Caterpillars hibernate either in the litter on the ground (Weidemann 1995) or on the stem of the host plant (Gauckler 1962) .
Study sites
Danube Clouded Yellows were studied at nine locations in Romania between 2007 and 2011 (Table 1; Fig. 1 ). Study sites were selected based on earlier reports on the species' occurrence (Gheorgheni, Cluj-Napoca, Sȃvȃdisla, Turda Gorge, Turului Gorge, Piatra Secuiului, Liteni), or if our prior evaluation suggested the sites being potentially suitable habitat for the species (Cheia, Lita). A total area of approximately 50 km 2 was searched for suitable habitats in the Gheorgheni Basin and 250 km 2 in Cluj County. Detailed description of the nine investigated sites is given in the Supplementary Material (S1).
Data collection
Habitat selection of adult butterflies was studied in the habitat mosaic of Gheorgheni site in 2010 ( Supplementary  Fig. 1 ). Altogether 21 transects were laid down in a way that they covered most of the potential habitats of the Danube Clouded Yellow from grazed pastures to hay meadows. Transects were 64-495 m long and each of them crossed only one distinct habitat patch of uniform vegetation type and management. Transects were walked with the same velocity every other day between 28 July and 29 August. Butterflies within 10 m of both sides of the transect were counted and their sex and behaviour was recorded. For each transect the following variables were also estimated at the beginning of the survey. Variables describing vegetation were vegetation height, host plant density (estimated on a scale from 0 to 4 (30 % cover)) and bush cover (estimated on a scale from 0 to 10 %). Topographic variables were slope steepness (to the nearest 5 degrees) and direction (S and E vs. N and W facing), while management was characterized with management type (grazing vs. mowing), intensity (from 1: light grazing or occasional mowing to 3: intensive management; judged from vegetation height and the number of grazing animals) and grazing animal (sheep, cattle, or both).
Oviposition site selection of females was studied at four sites that were frequently visited by adult butterflies in Gheorgheni between 9 and 15 August 2009. Three 20 9 20 m squares were designated at site D and E, six at site F and two at site G. First, all squares were thoroughly searched for eggs, larvae and pupae of C. myrmidone. The species of the plant on which the reproductive stages were found was recorded as well as their position within the plant. Distance of eggs and pupae from ground level was measured by a straight ruler placed perpendicular to the ground. For each square, host plant cover (%), vegetation height (to the nearest 10 cm), slope steepness (to the nearest 5 degrees) and bush cover (%) were estimated. Mark-recapture study was carried out in Gheorgheni site A in 2010, and at Turda Gorge and in Liteni in 2011. In Gheorgheni the study was conducted between 29 July and 28 August covering the entire flight period of the second generation. Sampling was conducted on every second day. At Turda Gorge and Liteni, the study was carried out between 7 and 27 August 2011. Turda Gorge was split into two sites, i.e., site 1 south of the gorge and site 2 north of the gorge. Turda Gorge site 1 and site 2 were visited eight and six times, respectively, and Liteni eight times. During each visit the entire suitable habitat was thoroughly searched for adults by a single person and each individual was caught and marked on the underside of their hindwing using fine-tipped pens with permanent ink (Stabilo S).
Additional data on population biology were collected in Georgheni in 2007 and in Lita in 2011. In Gheorgheni, the study was conducted by three persons between 20 and 23 August in 2007, during which three occupied habitat patches (site A, B, C, see Supplementary S1) were visited two times between 11:00 and 15:00 h and adult butterflies were caught and marked. Lita was visited once on 21 August and five individuals were caught and marked.
Statistical analyses
To study habitat selection of adult Danube Clouded Yellows, we calculated their density for each transect (n = 21) by dividing the mean number of observed individuals with transect length. We used the data of sixteen pastures and five hay meadows and we assessed the effects of vegetation, topographic and management related variables on butterfly density. First we tested for correlations among these explanatory variables. We found that hay meadows were significantly different from grazed pastures in all aspects: vegetation was significantly higher on meadows than on pastures (Kruskal-Wallis v 2 = 7.91, P = 0.005), and both host plant density and bush cover were ranked as zero on all meadows. Additionally, meadows were plain so topographic variables were unreasonable. Butterfly density was also significantly lower on meadows (Kruskal-Wallis v 2 = 5.36, P = 0.02), thus we excluded the meadows from further analyses. We also found some correlations among the explanatory variables on pastures: grazing intensity significantly influenced vegetation height (Kruskal-Wallis v 2 = 6.02, P = 0.049), slope steepness was positively correlated with bush cover (Spearman's rho = 0.692, P \ 0.01) and marginally non-significantly with host plant density (Spearman's rho = 0.465, P = 0.07), while host plant density and bush cover were also positively correlated (Spearman's rho = 0.594, P = 0.015). Based on these results, we constructed six sets of uncorrelated explanatory variables (see Supplementary S2). Due to the small sample size and some heteroscedasticity in our data, we applied conditional inference trees, a non-parametric class of regression trees (Hothorn et al. 2006) , with all the six subsets of explanatory variables. Dependent/response variable was density of male and female butterflies (both separately and merged together).
To investigate oviposition site selection Spearman rank correlation tests were used to relate number of eggs to the cover of host plant, vegetation height, slope steepness and bush cover. These analyses were based on data collected in Gheorgheni in 2009.
All statistical analyses were performed using R 3.0.0 statistical software (R Development Core Team 2012).
Sufficient data for detailed analyses of population demography was collected at Gheorgheni site A in 2010 and at Turda Gorge site 2 in 2011. Though in the latter year several other sites were sampled, the number of butterflies marked and/or recaptured on those sites was too low (Table 2 ). All analyses were performed using program MARK 6.2 (White and Burnham 1999) . First, a fully time-dependent CormackJolly-Seber (CJS) model was fitted to the data in which the two parameters (apparent survival rate u and encounter probabilty p) were sex-dependent as well. Then we tested the goodness-of-fit (GOF) of this model to our data by estimating the ĉ value which quantifies the amount of overdispersion. The ĉ equals to 1 in case of perfect fit, but as a working rule of thumb, provided ĉ \ 3, we can relatively safely state that the model fits well (Lebreton et al. 1992 ). Then we performed a backward model selection based on AIC values using ĉ (Burnham and Anderson 2002) . Finally, we fitted a Jolly-Seber (JS) model to the dataset and performed model selection and parameter estimation as described above. We used the so called POPAN parameterisation of the JS model which has two additional parameters: probability of entry to the population from the superpopulation pent, and size of the superpopulation N (Schwarz and Arnason 1996) .
Results
Habitat selection
Danube Clouded Yellow was found at four out of nine surveyed locations (Table 1) . Sites occupied by the Danube Clouded Yellow were hill slopes at an altitude between 520 and 950 m, with variable exposure and slope steepness between 15 % and 60 %. Unoccupied locations did not seem to differ from occupied ones regarding the above mentioned parameters. Vegetation of inhabited sites was typically mesophilous grassland dominated by Brachipodium and Agrostis species, whereas unoccupied sites were dominated by xeric or xero-mesophilous grasslands dominated by Stipa species. Habitats of the Danube Clouded Yellow were managed by light grazing, whereas the species was absent from intensively grazed or unmanaged grasslands. The abundance of the host plants did not differ between occupied and unoccupied locations.
In the habitat mosaic of Gheorgheni, Danube Clouded Yellow adults primarily used grazed pastures, whereas hay meadows were seldom visited (see Methods). Density of males and females were not correlated (Spearman's rho = 0.408, P = 0.117). Conditional inference trees suggested that host plant density had significant effect on butterfly density: Fig. 2 shows that butterfly density was significantly higher on those seven pastures where host plant density was not zero. When data of the two sexes were analysed separately, we found that female density was also highly significantly affected by host plant density ( Supplementary Fig. 2 ). If we used subsets of predictors without host plant density, we found that slope steepness and bush cover also had significant effects: butterflies preferred steeper slopes with higher bush cover (Supplementary Figs. 3, 4) . However, no effect of any environmental variable on male density could be revealed.
Oviposition site selection
In Gheorgheni, eggs were exclusively laid on Chamaecytisus triflorus (n = 34), whereas 43.3 % of pupae (n = 30) were found on other plant species including Origanum vulgare and Calamagrostis villosa. 91.2 % of eggs were laid on the upper surface of the leaves, and in 97.1 % of the cases only a single egg was laid per plant. Eggs were laid 21.5 ± 2.7 cm above ground level, while pupae were found 42.7 ± 3.4 cm above ground level. Oviposition site selection was related to the density of host plant and vegetation height, as the number of eggs per unit area increased with these variables (Spearman rank correlation, host plant density: Spearman's rho = 0.714, n = 14, P = 0.004; vegetation height: Spearman's rho = 0.652, n = 14, P = 0.011; Fig. 3 ). In contrast, egg numbers were related to neither slope steepness (Spearman's rho = 0.187, n = 14, P = 0.523), nor bush cover (Spearman's rho = -0.086, n = 14, P = 0.769).
Population biology
The numbers of marked and recaptured butterflies in each site are given in Table 2 . Recapture rate was invariably much lower for females in all study populations. The bootstrap GOF test suggested that the fully time-dependent CJS model fitted well to both datasets since ĉ values were close to one. For the Gheorgheni 2010 dataset, apparent survival rate u was higher for males and showed a decreasing trend in both sexes during the flight season (Supplementary Table 1 ). Average residency of males ranged between 2.37 and 6.13 days, while that of females was between 1.64 and 3.14 days. Encounter probability p was remarkably higher for males and also showed a declining trend for both sexes throughout the flight season. Probability of entry pent was equal for the sexes and showed a temporal pattern ( Supplementary  Fig. 5 ). Peaks of pent indicate high rate of birth and/or immigration between two consecutive sampling occasions. Population size of females (N = 536, SE = 80.1, 95 % CI 411-731) was estimated almost two times higher than that of males (N = 285, SE = 14.4, 95 % CI 262-319), although the 95 % CI was much wider for females. For the Turda Gorge 2 dataset, survival rate was considerably higher for males, while encounter probability was slightly higher for females. However, the 95 % CI's of both parameters were much wider for females (Table 3) . Average residency of males (5.2 days) was also much higher than that of females (2.3 days). In the best JS model, survival rate and encounter probability were time-constant and equal for sexes, pent was timedependent and equal for sexes (Table 3) . Population size of males (N = 67, SE = 13.4, 95 % CI 51-108) was estimated much higher than that of females (N = 13, SE = 3.8, 95 % CI 9-27).
In Gheorgheni in 2007, we detected two dispersal events: a male moved from site B to A, and another male from site C to A. No dispersal event was detected among the rest of the sites in Romania.
Discussion
As pointed out by the European Action Plan of the Danube Clouded Yellow (Marhoul and Dolek 2012) , gaps in our knowledge are important threat for the species. The present study made an attempt to fill these gaps related to three main aspects of the species' ecology. By mapping populations in Romania we extend knowledge on the distribution of this highly threatened butterfly and draw attention to formerly unknown populations. By studying habitat use and oviposition behaviour, we contribute to the understanding of habitat requirements and necessary management of the species' habitat. Our data on population biology may provide a starting point to detailed studies of metapopulations and population viability, urged by the action plan as well. (Marhoul and Dolek 2012) . Based on our data, these populations can serve as targets for future conservation actions. Our investigations of nine potential habitats revealed that the Danube Clouded Yellow inhabits secondary grasslands on variably exposed hill slopes, where its larval host plant, Chamaecytisus triflorus is present. Interestingly, none of the two sites with Chamaecytisus albus was occupied, although this is a potential host plant species as well. Occupied sites were, with a single exception (Turda Gorge), in place of former spruce or beech forests and their vegetation was some kind of mesophilous grassland, whereas unoccupied ones were often in place of oak forests and were covered by xeric or xero-mesophilous grasslands. These results suggest that Danube Clouded Yellow prefers habitats with relatively humid microclimate. All of the occupied sites were partially covered by bushes surrounded by well-developed forest-edge vegetation, and they were lightly grazed by cattle or sheep, whereas intensively grazed or unmanaged sites were either unoccupied, or population density was extremely low as in Turda Gorge. These results indicate that suitable habitats of the Danube Clouded Yellow are mesophilous grasslands created by forest clearing and then maintained by such low intensity grazing that allows bushes and forest-edge vegetation around them to develop and Chamaecytisus species (especially C. triflorus) to grow. Our results provide further evidence for the guidelines given by Van Swaay et al. (2012) for the habitat management of C. myrmidone.
Although our results indicate that intensive grazing affects host plant density negatively, other evidences show that some kind of disturbance of the habitat is necessary for two reasons. First, disturbance (grazing, mowing or burning) halts natural succession and maintains secondary grasslands and forest-edges (Godwin 1929; Gibson and Brown 1992) . Second, removing old branches of the host plant initiates resprouting and provides fresh twigs suitable for egg laying . Our results provide further evidence for the statement of the European Action Plan (Marhoul and Dolek 2012) , that both intensification of agriculture and abandonment of pastures pose threat to the Danube Clouded Yellow.
Our results thus support previous studies showing that Danube Clouded Yellow inhabits heterogeneous habitats with a mosaic of grasslands and scrublands (Kudrna and Mayer 1990; Dolek et al. 2005; Freese et al. 2005; Settele et al. 2009 ). Bushes are important habitat features since they support the surrounding forest edge vegetation, which is essential for Chamaecytisus species (Zieliński 1975; Skalická 1986; Cristofolini 1991) . The preference of the species for mesophilous habitats is in line with studies in the White Carpathians, Czech Republic (Konvička et al. 2008 ). This result is, however, in contrast with studies in the western part of the species' range, where it prefers xeric grasslands of sun-exposed calcareous hill sides . We argue that this difference may be explained by climatic differences, since xeric habitats of the more humid Germany may provide similar conditions as mesophilous habitats of the dryer Central-Eastern European countries.
Within the habitat complex of Gheorgheni, the Danube Clouded Yellow clearly preferred grazed hill slopes against mown meadows. This was especially true for females, which hardly ever visited hay meadows. The difference between sexes may be due to the fact that females are bond Insect Conserv (2014) 18:417-425 423 to pastures rich in host plant to lay eggs, but males might be less sedentary and can use meadows for nectaring. Alternatively, females' detectability in hay meadows might be even lower than in pastures (Tabashnik 1980) . Within pastures, habitat patches with relatively higher host plant cover were preferred. These patches were on relatively steeper slopes with higher bush cover. We suspect that management intensity is the factor behind these relationships, because grazing pressure is lower on less accessible steep slopes and therefore both bushes and the host plant can thrive here. This idea is however, not supported by the lack of statistically significant relationship between butterfly density and grazing intensity. The controversy may be due to the method of estimating grazing intensity. Our estimation was based on the number of grazing animals observed during the study, which is both a very rough estimation and represents intensity only during the short study period. Vegetation structure, however, may be related more closely to past than to present management, since the cover of forest-edge vegetation and host plant is the result of a long management history (Peterken and Game 1984) . Moreover, a larger sample size and finer measurement of environmental variables would allow us to make more robust inferences.
For egg-laying, females preferred habitat patches with relatively high cover of the host plant and tall vegetation. Similar results were obtained in Germany, where egglaying events concentrated in patches with more than 30 shoots of the host plant (Romstöck-Völkl et al. 1999) . Vegetation height may indicate grazing intensity again and predict the survival chances of eggs and larvae. Although earlier studies on a North-American Colias sp. did not find differences in oviposition preferences of different generations (e.g. Tabashnik et al. 1981) , we note, that oviposition behaviour may still differ between generations, so our results on the second generation may not be valid for the first or the third generation (Šlancarová et al. 2013 ).
Population biology
Our estimations on population sizes suggest that the Gheorgheni population is sufficiently large, while the population at Turda Gorge site 2 is quite small. At the latter site, the sampling period covered only 2 weeks which does not allow us to estimate the total population size, moreover, the number of sampling occasions (n = 6) over the 2 weeks proved to be too low to collect sufficient data on females. Population density may extremely differ between populations. While we observed more than 150 individuals per hectare in Gheorgheni, less than two individuals were recorded per hectare in Turda Gorge. These extreme differences may be explained by differences in the quality of the two habitats.
Our results in Gheorgheni proved that there was dispersal between nearby subpopulations. Unfortunately the study was too short to estimate how frequent these dispersal events were and how they relate to the distance between subpopulations. We did not observe any dispersal event between populations in Cluj County probably due to large interpatch distances (13 km on average) and very low population densities. Relatively low apparent survival rates and short residency suggest that C. myrmidone live in open populations in our study sites where the precise delineation of the boundaries of habitat patches used by the butterfly is difficult. Presumably, this species needs an extensive, mosaic area as a habitat that provides all inevitable resources for completing its life cycle (Marhoul and Dolek 2012) .
In our detailed analyses, we estimated lower apparent survival rate and encounter probability for females, although the high uncertainty in parameter estimations for females allows us only to suspect that there is a significant difference between sexes in C. myrmidone. The large error of parameter estimations in females has serious implications for conservation and monitoring of the species, because it suggests that precise estimations on population parameters of females require relatively high sampling effort, at least in the habitats involved in the present study. In their seminal work on North-American montane Colias species, Watt et al. (1977) also found shorter residence for females that they attributed to their higher mortality. Though we found no evidence on higher female emigration, that could explain their lower apparent survival, Watt et al. (1979) demonstrated that females' dispersal propensity was higher in the second brood of Colias philodice eriphyle. Females' lower encounter probability is also supported by earlier studies on Colias spp., for example in Colias philodice eriphyle (Tabashnik 1980) . Kingsolver (1983) pointed out that males of montane Colias species in North America spend more time in flight and make flights of longer duration than females. Thus females might be less detectable which can explain their lower catchability. We suppose that similar sexual differences in flight behaviour may occur in C. myrmidone as well, although detailed observations on individual behaviour would be inevitable to test these hypotheses. Finally, we note that in our study we investigated the second generation of C. myrmidone, which might differ from the first generation in terms of mobility and population density (e.g. Ide 2002; Karlsson and Johansson 2008) .
Conservation recommendations
Our results indicate that one of the most viable populations of the Danube Clouded Yellow may exist in Gheorgheni. Since the area is not protected, the preservation of the population could be assured by designation of the area to the Natura 2000 network and maintain favourable extensive grazing management. In the contrary, the population at Turda Gorge is extremely small and thus may be prone to extinction. Here therefore decreasing grazing pressure to improve habitat quality would be necessary. Based on our results on habitat use we recommend that existing habitats of the Danube Clouded Yellow should be managed with extensive grazing, meaning not more than a few animals per hectare. The removal of bushes should be avoided since these are important for the development of forest-edge vegetation.
